Organometal halide perovskites are under rapid development and significant focus has been placed on their stability that currently presents a major obstacle for practical application. The energetics play a vital role in charge injection/extraction and transport properties in devices. Here, we in-situ investigate oxygen and water-induced energetic degradation in organometal halide perovskite films. Oxygen gas induces an upwards shift of the vacuum level of the perovskite films due to the formation of an oxygeninduced surface dipole and water vapor causes vacuum level significant downshift as well as the valence band binding energy referenced to Fermi level simultaneously increase so as to keep the ionization potential of the perovskite films unchanged. Moreover, the chemical compositions, crystalline structures, surface morphologies and dynamical properties also are monitored and analyzed in detail. These results are indispensable to understand the degradation mechanisms and to in future perform the optimizations of the sable materials and devices. d
Introduction
Organometal halide perovskites, i.e. CH3NH3PbI3 and CH3NH3PbI3-xClx, have recently attracted tremendous attention as candidates for the next-generation solar cells because of their excellent performance. [1] [2] [3] [4] [5] [6] This kind of hybrid organic-inorganic perovskite exhibits large absorption coefficient, tunable band gap, long carrier diffusion length and ambipolar charge transport, which are the prerequisite to high efficiency photovoltaic devices. [7] [8] [9] [10] Much effort has been invested in perovskite materials processing and device architecture design, and the power conversion efficiency of the perovskite-based photovoltaic cells has achieved over 20 % in singlejunction cells. [11] [12] [13] Its theoretical maximum is expected to be larger than 30 % and this can beat the efficiency of the conventional silicon cell～25 %. 14 stability. The device performance typically degrades quickly when exposed to oxygen, water, light and elevated temperature, leading to the large decrease in short-circuit current, open-circuit voltage and fill factor. [15] [16] [17] [18] The device efficiency as a function of aging time especially shows initially a fast and severe loss in the first dozens of hours, which is termed "burn-in". 11, 19 The burn-in degradation could result in a loss of over 20% of the initial efficiency. 15, 20 Additionally, several studies have also pointed out that the perovskite material itself, especially the lead-based and the organic constituents, will decompose into other species causing a loss of the desired photovoltaic properties under the different conditions. [21] [22] [23] [24] These intrinsic instabilities of the perovskite materials and the corresponding devices present a major challenge for application on a commercial scale. d The electronic structures and interface energetics play a critical role in the device efficiency, governing the charge injection/extraction and transport properties at contacts. [25] [26] [27] [28] [29] [30] However, there is so far few reports on the influence of ambient atmosphere on the surface energy structures of perovskites, which is an prerequisite to understand the degradation mechanisms, and to in future optimize the materials and devices. The position of the valence band and the conductive band of perovskite relative to the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of the neighboring hole (electron) transport layer determine if they are barrier-free for hole (electron) extraction while good blocking properties for electron (hole) extraction which affects electron-hole recombination at interfaces. Consequently, a comprehensive understanding of the electronic structure evolution caused by oxygen/water vapor-induced degradation processes is of paramount importance for improving perovskite device lifetime.
Photoelectron spectroscopy measure both the electronic structure and the chemical composition of a semiconductor. Particularly relevant energetic parameters are the work function, the ionization potential, and the energy difference between the valence band and the Fermi level. The triiodide CH3NH3PbI3 and mixed halide CH3NH3PbI3-xClx are the common perovskite materials widely used as solar energy harvesters in the field of solar cells with high efficiency output. 1, [31] [32] In this work, we systematically investigate the influence of environmental factors on the electronic structure of d CH3NH3PbI3 and CH3NH3PbI3-xClx perovskite films by controlled oxygen and water vapor exposure, separately probed by ultraviolet photoelectron spectroscopy (UPS) in ultra-high vacuum (UHV). The UHV condition rules out the other effects from ambient air. The film composition, crystalline structure and surface morphology are monitored by a combination of X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD) and scanning electron microscopy (SEM). The time-resolved photoluminescence (TRPL) is used to probe decay kinetics after degradation. Our in situ approach enables precise results on the electronic structure evolution of the typical solar cell perovskite materials in controlled time, which contributes in better understanding of the device degradation mechanisms, especially the physics mechanisms that cause the burn-in. Figure S2 . Initially, the films yield a work function of 4.75 eV and an ionization potential of 5.86 eV as the VBM is located at 1.10 (±0.02 eV) below the Femi level. When exposed to oxygen, the work function upshifts to 5.17 eV, showing a saturating trend, whereas the VMB remains fixed regardless of O2 exposure time.
Results and Discussion
Hence, the work function and VBM differ between the two types of perovskite films, but their response to O2 exposure follows the same trend. Figure 2c . A similar trend is obtained for CH3NH3PbI3-XClx films when exposed to water vapor, shown in Figure S3 . After exposure for 420 min, the work function decreases by 0.57 eV (from 4.72 to 4.15) and the VBM increases by roughly the same amount, 0.60 eV (1.13 to 1.73), so that the ionization potential stays constant. There is no saturating trend for work function and VBM shifts.
We summarize the UPS results for the effects of oxygen and water on the surface electronic structure in perovskite CH3NH3PbI3 and CH3NH3PbI3-xClx films: (i) for oxygen exposure, the vacuum level of the perovskite film upshifts as the work function increases until the saturation status. The VBM stays at a constant versus Fermi level, resulting in the overall IP increase, see Figure 3a . (ii) For water vapor exposure, the vacuum level significantly downshifts as the work function deceases and the VMB referenced to Fermi level simultaneously increases so as to keep the ionization potential constant, see Figure 3b . This behavior shows no saturating trends for the exposure time used in the experiments.
To explore the origin of electronic structure evolution, XPS measurements were carried out to examine elemental changes before and after exposure, shown in Figure   S4 . The C1s core level of the CH3NH3PbI3 film contains two contributions, one at d higher binding energy (286.5 eV) that represents the C-N bond found in anion CH3NH3 -, and one at lower binding energy (285.1 eV, C-C, C-H) that typically is attributed to absorbed hydrocarbons resulting from ex-situ (and solution-based) preparation of the perovskite films. 21, 34 After oxygen exposure, there are no new features in the C1s, N1s, Pb4f and I3d core level spectra, suggesting that the oxygen has negligible effect on the perovskite film chemical composition, see Figure S4a -e. The core level positions are nearly unaffected (within measurement error) by oxygen exposure, which suggested that the same size of shift for the work function and ionization potential is due to the formation of an oxygen-induced surface dipole. Our results further mean that the studied perovskite film is not very sensitive to oxygen, in agreement with the previous report. 35 For water exposure, there is no significant change in the core level spectral shape, but the perovskite element core levels undergo a rigid shift of 0.5 eV to higher binding energy ( Figure S4f -j). This shift is of the same size as the work function decrease and VMB increase versus Fermi level for this exposure time, suggesting band bending in the surface region through n-type doping by water. The XPS results further indicate that the perovskite films are chemically stable for a limited dose of water exposure. These results are further supported by the surface morphology analysis with SEM. Figure 4a shows topography images of the CH3NH3PbI3 before and after exposure. The pristine film is crystalline, uniform and compact, and the distribution of the grain size is homogeneous. After exposure to oxygen or water, there is no significant surface d morphological change, further indicating that neither the oxygen nor water vapor damage to the perovskite film.
To provide additional insight, structure analysis using XRD is depicted in Figure   4b as well. The CH3NH3PbI3 film shows a tetragonal crystalline phase with XRD peaks at 14.1°, 28.4° and 43.2° for the (110), (220) and (330), respectively, indicating that the pristine perovskite film has good purity and crystallinity in line with published results. 21, 36 However, after oxygen exposure, the weak peak at 12.5° has emerged, pointing to an infinitesimal transformation from CH3NH3PbI3 to PbI2. Since the amount of PbI2 is too minute and the Pb 2+ in PbI2 has the similar chemical environment with that of CH3NH3PbI3, the existence of PbI2 cannot be detected by SEM and XPS measurements, also they are only surface sensitive while XRD bulk technique. For water exposure, the perovskite-related peaks have no change and there is no additional peak appearing. These analogous results also occur in the perovskite CH3NH3PbI3-xClx films ( Figure S7 ). Hence, oxygen vapor does induce very minor yet non-negligible changes to the chemical composition of the perovskite films.
Next, we turn to the photoluminescent (PL) decay kinetics as provided in Figure   5 . The PL intensity was normalized to the peak intensity for comparison. The PL dynamics of the pristine and the oxygen-exposed CH3NH3PbI3 film display the same slow and nearly monoexponential decay profile with a lifetime of 7.6 ns, which is comparable to the previous reports. [37] [38] In other words, the oxygen-exposed perovskite d sample in UHV indeed does not significantly differ from the pristine (dry air exposed) perovskite sample in atmosphere, which suggests that oxygen molecules absorb on the film surface, as a result, that the oxygen induced very tiny amount of PbI2 formation does not significantly affect the electronic structure and the PL kinetic properties.
However, when the films are exposed to water, a fast component appears with a short lifetime of 0.87 ns, which is attributed to enhanced nonradiative charge recombination.
The diminished PL lifetime in the water vapor exposed perovskite films possibly can be explained by the formation of the CH3NH3PbI3·H2O complex or water molecule diffusing into a CH3NH3site there acting as the charge trap. 39 The CH3NH3PbI3-xClx perovskite films have a more porous structure compared to CH3NH3PbI3 (see Figure S6 ), likely leading to O2 absorption at the grain boundaries in film as well as the surface, causing the observed decrease of PL life time shown in Figure S8 . Water vapor exposure slightly alters the CH3NH3PbI3-xClx perovskite film surface morphologies and smooths the gain boundary, which is accompanied by reduced PL life time, see Figure S8 , in line with the appearance in the case of the CH3NH3PbI3 film, but a stronger effect as expected from the more porous film morphology.
Conclusion
In conclusion, we have investigated the effect of controlled in situ oxygen gas and water vapor exposure on the stability of CH3NH3PbI3 and CH3NH3PbI3-xClx Figure 5 . Photoluminescence decay kinetics of the CH3NH3PbI3 films before (red symbols) and after exposure (oxygen: violet symbols, water: green symbols). Energy level diagrams of the water-exposed CH3NH3PbI3-xClx films. Figure S5 . XPS survey spectra and Pb4f, I3d, N1s, C1s and Cl2p core level spectra of the CH3NH3PbI3-xClx films before and after (a-f) oxygen and (g-l) water exposure.
S-7 Figure S6 . Surface morphologies of the pristine, oxygen exposed and water exposed CH3NH3PbI3-xClx films. Oxygen exposure Water exposure (110) * Figure S7 . X-ray diffractograms of the pristine, oxygen exposed and water exposed-CH3NH3PbI3-XClx films. 
